Most dairy cows develop the first dominant follicle postpartum within 2 wk after calving, but only about 40% of these follicles produce sufficient estradiol to stimulate ovulation despite having normal ultrasound appearance and growth. This study aimed to characterize metabolic, endocrine, and follicular fluid profiles of cows in which the first dominant follicle postpartum will become ovulatory and those with nonovulatory follicles. Luteinizing hormone pulse frequency, follicular fluid androstenedione, and follicular fluid estradiol concentrations were lower in nonovulatory cows suggesting that the function of theca cells is impaired. In addition, nonovulatory cows had more severe negative energy balance and greater insulin resistance postpartum. This study describes for the first time the steroid hormone profile of early postpartum follicles and shows that a steroidogenic defect most likely occurs in theca cells limiting the amount of androgen precursor available for estradiol production that impairs their ovulatory outcome.
INTRODUCTION
Early resumption of ovarian cyclicity postpartum in dairy cows has been associated with improved subsequent reproductive performance [1] [2] [3] . Indeed, cows ovulating before 21 days postpartum had better subsequent reproductive performance than those ovulating for the first time between 21 and 49 days postpartum, which, in turn, were better than those ovulating later [1] . Follicular activity ceases in late gestation and resumes shortly after calving when the clearance of pregnancy hormones induces follicle-stimulating hormone (FSH) secretion [4] . Most cows develop a cohort of ovarian follicles with a dominant follicle emerging within the first 2 wk postpartum [4] [5] [6] . However, only 40% of these first dominant follicles proceed to ovulate [4, 7] . In previous studies [4, 7] , cows that ovulate the first dominant follicle postpartum exhibited the typical preovulatory rise in circulating estradiol concentrations, while the majority of cows that did not ovulate did not have high circulating estradiol levels.
Estradiol production by ovarian follicles requires functional synergism between theca and granulosa cells [8, 9] . Theca cells metabolize cholesterol to androgens under luteinizing hormone (LH) stimulation [10] , after which granulosa cells then aromatize androgens to estradiol under FSH stimulation [11] , thus making up the two-cell two-gonadotropin model of steroidogenesis [12] . By measuring the precursor hormone concentrations in follicular fluid, this study aimed to determine if the failure of nonovulatory follicles to produce high circulating estradiol levels was due to impairment of the theca interna or the granulosa cells.
Ovarian follicular reserves and antral follicle counts (AFC) have been associated with follicular health [13] . Anti-Müllerian hormone (AMH) is secreted by granulosa cells of growing follicles and has been shown to be a good biomarker for predicting follicular reserves and AFC and gonadotropin responsiveness [13, 14] because the pattern of AMH secretion varies little by stage of estrous cycle and can be detected in blood samples [14, 15] . The relationship between AMH and early resumption of ovarian cyclicity postpartum has not been established.
Energy balance is an important component in determining the fate of the first dominant follicle postpartum [16] . Highproducing dairy cows enter a state of negative energy balance after parturition that results in reduced pulsatile LH release [17] and increases the sensitivity of hypothalamic negative feedback to estradiol that could lead to ovulatory failure [4] . In addition, reduced circulating levels of insulin, insulinlike growth factor-1 (IGF-1), and glucose as well as increased concentrations of b-hydroxybutyric acid (BHBA) and nonesterified fatty acids (NEFA) during postpartum negative energy balance are all associated with impairment of estradiol production and the delay of first ovulation [18] [19] [20] . Insulin resistance occurs in late pregnancy and early lactation in high-producing dairy cows [18, 19, 21] . The inability of insulin-resistant cows to promote lipogenesis and to prevent lipolysis [22] results in increased circulating and follicular fluid concentrations of NEFA and BHBA that have been associated with impaired follicle function [23, 24] . Insulin directly increases steroidogenic response of granulosa and theca cells to gonadotropin stimulation in vitro [25] . Therefore, characterizing the energy balance, endocrine, metabolic, and insulin resistance status during the prepartum and early postpartum period will allow better understanding of the physiological state of the cows in which ovulation fails.
The goal of this study was to characterize the metabolic and endocrine status of cows with ovulatory or nonovulatory first dominant follicles postpartum and the steroidogenic capability of those follicles. We hypothesized that postpartum dominant follicles with low estradiol production have a dysfunction of theca or granulosa cells and that this impairment is associated with metabolites or mediators of negative energy balance or insulin sensitivity. To test this hypothesis, our objectives were to compare energy balance status, insulin sensitivity, and postpartum ovarian follicular health and steroid function in dairy cows during development of ovulatory or nonovulatory follicles.
MATERIALS AND METHODS

Animals
All the animal procedures were approved by the Cornell University Institutional Animal Care and Use Committee. Handling of cows was in accordance with the U.S. Department of Agriculture's Guide for the Care and Use of Agricultural Animals in Agriculture Research and Teaching [26] . Experimental animals were housed, and the study was conducted, at the Cornell University Dairy Teaching and Research unit. Multiparous pregnant Holstein dairy cows (n ¼ 59; entering second through fourth lactations) were enrolled into the study 28 days prior to their expected calving date. Cows were housed individually in tie-stalls with free access to water and were individually fed a total mixed ration formulated to meet or exceed all National Research Council (NRC) [27] requirements appropriate to their stage of gestation and lactation. After calving, cows were milked three times a day at 0030, 0730, and 1430 h. Seven cows were dropped from the study due to health conditions: displaced abomasum (two cows), dystocia requiring veterinary intervention (one cow), and chronic fever (!39.58C for !3 days) that did not respond to antibiotics (four cows).
All cows were subject to the same sampling and monitoring schedule until being classified (predicted) as having ovulatory or nonovulatory follicles. Blood samples were collected from the coccygeal vein into heparinized vacutainer tubes three times per week (Monday, Wednesday, and Friday) from 28 to 10 days before the expected parturition date and then daily through 3 wk of lactation. Plasma was separated from cellular components by centrifugation (48C, 20 min at 1000 3 g) and stored at À208C until assay for estradiol, progesterone, insulin, IGF-1, NEFA, BHBA, and glucose concentrations.
A glucose tolerance test (GTT) was performed prepartum at 10 days before due date and another GTT was performed postpartum on the day after follicle fate prediction (see details below). A jugular vein was catheterized 1 day before the GTT, and cows were fasted for 3 h prior to glucose infusion. Glucose was administered as a bolus of 50% dextrose through the jugular catheter at a dose of 0.25 g/kg body weight. Heparinized saline was used to flush the catheter after glucose infusion and after each blood sample. Blood samples were collected at À15, À1, 1, 3, 6, 9, 12, 15, 20, 25, 30, 60, 90, 120 , and 150 min from glucose infusion [28] , and the plasma was analyzed for glucose and insulin concentrations.
On the day of group assignment, a jugular vein in each cow was catheterized. On the following morning, blood samples were collected every 10 min for 6 h through the jugular catheter and analyzed for LH concentrations and detection of LH pulse frequency. After the frequent blood sampling, the cow was prepared for ovarian follicle aspiration. An epidural injection of 4 ml of 2% lidocaine was performed, and the cow was sedated with 15 mg of xylazine intravenously. The perineum was scrubbed with betadine and dried with paper towels. A 5 MHz convex ultrasound probe (Aloka Inc.) in an aspiration case was introduced into the anterior vagina, and the ovary with the largest follicle was moved adjacent to the probe by transrectal manipulation. The aspiration needle was extended into the largest follicle and the follicular fluid was collected in two fractions to minimize blood contamination. Previous experience suggested that when bleeding occurred it did so during attempts to recover the last of the follicular fluid. The first fraction collected the first 500 ll, and the second fraction collected the remainder of the follicular fluid. Follicular fluid samples were centrifuged (48C, 2 min at 2000 3 g), and the supernatant was stored at À208C until assay for estradiol, progesterone, androstenedione, IGF-1, and NEFA concentrations. After follicle aspiration, feed was withheld for 3 h prior to the postpartum GTT.
Group Assignment
Prior to collection and analysis of follicular fluid, follicle fate (ovulatory vs. nonovulatory) was predicted based on data from our previous studies characterizing the follicle growth and circulating estradiol concentrations of the first dominant follicle postpartum [4, 7] . In those studies, all ovulatory cows had a rise of circulating estradiol to !2 pg/ml at least 1 day before ovulation, and these cows had a dominant follicle of !10 mm in diameter. Cows whose follicles failed to grow after reaching a diameter of at least 10 mm and cows that had follicles that regressed did not ovulate. In addition, cows that had follicles that reached !15 mm in diameter but did not have a rise in circulating estradiol by 1 day after reaching this size threshold also failed to ovulate. We used these parameters to group cows as having (predicted) ovulatory and nonovulatory follicles.
Ovarian follicular activity was examined by transrectal ultrasonography daily, starting 7 days postpartum using a 7.5 MHz linear ultrasound probe (Aloka Inc.). Follicles were measured using internal calipers and mapped on ovary diagrams daily to determine follicular growth. Once a follicle grew to 10 mm in diameter, it was considered the first dominant follicle postpartum. Serum estradiol assays were performed daily. There were two criteria for follicle fate group assignment. First, cows were assigned to the presumed ovulatory group if circulating estradiol was !2 pg/ml and with a follicle .10 mm in diameter (n ¼ 29). Second, cows were assigned to the nonovulatory group if the diameter of the first dominant follicle reached 15 mm and circulating estradiol did not reach a concentration of !2 pg/ml by the following day (n ¼ 12), or if the follicle failed to grow or regressed in size before achieving 15 mm in diameter (n ¼ 12; total for nonovulatory group ¼ 24).
To validate the classification of the predicted follicular fate, follicles in a subset of the cows (n ¼ 9) were not aspirated and were monitored until 30 days postpartum. These so-called control cows were subjected to the same sampling protocol and prediction of follicle outcome except the first dominant follicle postpartum was not aspirated the day after group assignment and continued to be monitored by daily ultrasonography for ovulation and corpus luteum formation.
Hormone and Metabolite Assays
Plasma and follicular fluid estradiol concentrations were measured by radioimmunoassay (RIA) (Serono-Maia) as previously described [29] with the following modifications: plasma estradiol was extracted from 200 ll of plasma with 3 ml of benzene:toluene (2:1 vol/vol) solvent; follicular fluid was diluted for assay 1:1000 for cows with high circulating estradiol while follicular fluid from cows with low circulating estradiol was diluted 1:250. Plasma and follicular fluid progesterone concentrations were measured by RIA as previously described [30] with the following exceptions: progesterone for standards was supplied from MP Biomedical Diagnostic and follicular fluid samples were not extracted and were diluted to ensure the concentrations fell within the range of the standard curve. Total IGF-1 concentrations in plasma and follicular fluid were determined using RIA as previously described [18] with the exception that the human IGF-1 for iodination and standards was obtained from GroPep Limited. Insulin concentrations in plasma, including GTT samples, were determined using porcine insulin RIA kits (Millipore). Plasma LH concentrations were determined by RIA as previously described [29] . Follicular fluid androstenedione concentrations were determined by RIA as previously described [31] using samples serially diluted 1:5 to 1:50. Plasma BHBA (310-UV; Sigma Diagnostics), NEFA (NEFA-C; Wako Chemicals), and glucose (510A; Sigma Diagnostics) concentrations were measured using commercial enzymatic colorimetric assays. Inter-and intraassay coefficients of variation were as follow: estradiol, 9.5% and 5.9%; progesterone, 10.9% and 7.5%; IGF-1, 13.9% and 6.1%; insulin, 9.4% and 6.7%; LH, 7.0% and 3.6%; androstenedione, 4.9% and 4.7%; BHBA, 5.5% and 4.2%; NEFA, 3.4% and 2.3%; and glucose, 9.4% and 3.9%. Plasma samples collected on the day after group assignment were submitted to Minitube of America for determination of AMH levels. This assay has a limit of detection of 15 pg/ml; intra-and interassay coefficients of variation are 8.48% and 8.65%, respectively (J. Verstegen, personal communication).
Daily Energy Balance Calculation
Cows were weighed weekly prepartum and twice weekly postpartum. On the same days, body condition scores [32] were recorded and averaged from three observers. Milk production was measured at every milking, and milk component analysis (Dairy One Cooperative, Inc.) was determined for each cow weekly on a composite sample from all three daily milkings. Daily feed intake was recorded for each cow. Feed analyses were performed monthly on prepartum and postpartum diets through the Forage Laboratory Service of Dairy One Cooperative. Daily dry matter intake (DMI) was calculated based on the percentage dry matter of the feed offered and the difference between the weight of feed offered and refused.
Energy balance was calculated according to the NRC equations [33] . Prepartum energy balance was calculated for the last 3 wk prior to calving using the following formula: 
Cornell Net Carbohydrate and Protein System Model Predictions of Nutrient Requirements
Feed chemical and kinetic composition and animal performance information was used to model metabolizable energy (ME) and metabolizable protein (MP) partitioning for requirements. The model consisted of two calculations per cow, one prepartum and one postpartum, using the Cornell net carbohydrate and protein system (CNCPS) version 6.1 [34] . Based on diet composition, maintenance requirements were adjusted to the expected changes during these physiological stages (i.e., pre-and postpartum) in organ mass, body weight and body condition, the level of physical activity, and environmental temperature. Body weight and body condition score changes were calculated from predicted tissue energy losses and gains based on NRC equations outlined in Fox et al. [35] . Because this study was carried out during the winter-spring period, heat stress was considered inconsequential and not affecting the maintenance requirements. The model predicted pregnancy, lactation, and mammary growth requirements according to the physiological stage. Balances of dietary ME and MP were reported in Mcal/day and g/day, respectively, and as the percentage of requirements.
GTT and Surrogate Insulin Resistance Analyses
Prepartum and postpartum GTT results were analyzed by calculating the area under the curve (AUC) for glucose in mg/dl and insulin in lU/ml using the trapezoid rule. To account for possible differences in baseline glucose and insulin, the AUC over baseline was calculated. Baseline for glucose and insulin was defined as the average concentration for the samples collected at À15 and À1 min. Glucose half-life (T 50 ) was calculated using the formula: T 50 ¼ ln(2)/k, where k ¼ the elimination rate constant [36] . The elimination rate constant (k) was estimated by modeling the glucose clearance curve as an exponential decline model with nonzero asymptote using PROC NLMIXED of SAS version 9.2. The model used was:
where A 0 ¼ the extrapolated plasma [glucose] assuming instantaneous mixing at time ¼ 0; t ¼ time after infusion; and A asym ¼ asymptotic plasma [glucose] when time » 0. Insulin response in lU/ml (insulin peak À baseline insulin) and the baseline glucose (mg/dl) to insulin (lU/ml) ratio (G/I) were calculated. In addition to the GTT, surrogate insulin resistance tests were used to characterize changes in insulin resistance over time [37, 38] . Surrogate insulinsensitivity measures using steady-state conditions were calculated as:
Quantitative insulin À sensitivity check index ðQUICKIÞ ¼ 1=ðlog 10 ½insulin þ log 10 ½glucoseÞ; ð4Þ
Revised QUICKI ðRQUICKIÞ ¼ 1=ðlog 10 ½insulin þ log 10 ½glucose þ log 10 ½NEFAÞ; ð5Þ
Homeostatic model assessment ðHOMAÞ ¼ ð½glucose þ ½insulinÞ=22:5; ð6Þ
glucose to insulin ratio ¼ ½glucose=½insulin; ð7Þ and insulin sensitivity ¼ 1=½insulin:
All [glucose] was in mg/dl except in the HOMA formula where [glucose] was in mM; all [insulin] was in lU/ml, and [NEFA] was in mM.
LH Pulse Frequency Analysis
Identification of LH pulses and pulse analysis were performed with the PULSAR algorithm [39] using PC PULSAR version 1.3A (PC-Pulsar, J.F. Gitzen and V.D. Ramirez, University of Illinois). Data from cows having an LH surge during the LH pulse-sampling window, which was defined as a continuous plasma LH concentration of greater than three times the average concentration of all the cows, were excluded from LH pulse analyses and from analysis of follicular fluid components.
Statistical Analyses
All the data are presented as means 6 SEM, except data for AMH, which were not normally distributed and were compared by Wilcoxin rank sum and reported as median and interquartile range (IQR). Continuous outcomes were transformed as necessary to satisfy model assumptions. A repeated-measures ANOVA was performed using MIXED procedure in SAS version 9.3 with first-order autoregressive covariance structure to evaluate the difference in hormone and metabolite concentrations, surrogate insulin sensitivity, NRC energy balance calculations, milk production, body weight, DMI, and follicle growth over time between groups. To test the difference in GTT and CNCPS modeling outcomes between group and time (prepartum or postpartum GTT), a mixed model ANOVA was used with the random variable of time nested within cow and the fixed effect variables group and time using JMP Pro version 11. Generalized linear model regression was used to determine the differences between groups for follicular fluid analyses, LH pulse results, and day of specific events. A Poisson model was used for LH pulses per 6 h. Two-way interactions were tested for all relevant analyses. When applicable, Tukey honest significant difference post hoc test was performed to determine differences between categories to account for multiple testing. For all the analyses, P , 0.05 was used as the threshold for significance; P of 0.05-0.10 was regarded as a tendency.
RESULTS
Follicle Outcome after Assignment to Groups
The average days postpartum at group assignment was Day 14.7 (range from 9 to 19). There was a tendency (P ¼ 0.09) for nonovulatory cows to have later group assignment (Day 15.5 6 0.7) compared with ovulatory cows (Day 14.1 6 0.4).
Accuracy of predicting follicle outcome was as follows. There were no significant differences between the nonovulatory cows that had follicles that failed to grow and those that had follicles !15 mm with low circulating estradiol in any of the analyses performed and thus they were considered a single nonovulatory group. All four control (nonaspirated) cows predicted to be ovulatory ovulated by 76 h after achieving circulating estradiol concentration of !2 pg/ml. There were five control (nonaspirated) cows predicted to be nonovulatory, with two cows achieving follicle size of 15 mm in diameter while circulating estradiol remained ,2 pg/ml 1 day after achieving that follicle size, and three cows had follicles that failed to grow after achieving follicle size of !10 mm. None of the five predicted nonovulatory control cows ovulated the first dominant follicle postpartum. Circulating progesterone concentrations reached !1 ng/ml in all control ovulatory cows by 5 days after ovulation whereas the nonaspirated nonovulatory cows had no increases in circulating progesterone by 30 days postpartum.
The size of the first dominant follicle postpartum was not different between ovulatory and control ovulatory or between control nonovulatory and nonovulatory cows. When normalized by days from the group assignment decision, there was a tendency (P ¼ 0.09) for nonovulatory follicles to be smaller than ovulatory follicles (Fig. 1) . There was no difference (P ¼ 0.88) in follicle growth rate between groups. Circulating estradiol was evaluated over time after normalizing to days OVULATORY AND NONOVULATORY DAIRY COWS from group assignment. The interaction between time and group was significant (P ¼ 0.002) with ovulatory cows having increasingly higher circulating estradiol concentrations compared with nonovulatory cows from 3 days before group assignment and with the difference being greatest at the day after follicle fate prediction, that is, the day of follicle aspiration ( Fig. 1) .
Daily Endocrine and Metabolic Profiles
Circulating estradiol concentrations increased prepartum then fell to near undetectable levels shortly after calving ( Fig.  2A) . No difference was detected between groups (P ¼ 0.98) prepartum. Prepartum circulating progesterone concentrations declined over time (Fig. 2B) with no difference between groups (P ¼ 0.85). On the day after group assignment, circulating AMH concentrations were higher (P , 0.05) in cows with ovulatory follicles compared with those having nonovulatory follicles (median 224 pg/ml and IQR 155-313 pg/ml vs. median 161 pg/ml and IQR 120-250 pg/ml, respectively). 
FIG. 3. Comparison of dry matter intake (DMI)
, milk production, and energy balance in cows with ovulatory or nonovulatory follicles during the periparturient period. Cows with ovulatory follicles had significantly higher (P ¼ 0.0012) DMI that was detected as early as 28 days before calving (A). Milk production was not significantly different (P ¼ 0.23) between follicle groups after accounting for parity effects (B). The calculated NRC energy balance averaged 2.07 Mcal/day lower in nonovulatory cows (P ¼ 0.04) throughout the study period (C).
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The DMI was consistently higher both pre-and postpartum in cows with ovulatory follicles (Fig. 3A ) compared to cows with nonovulatory follicles (P ¼ 0.0012). Milk production was not different (Fig. 3B ) between groups after adjusting for parity (P ¼ 0.23). Energy balance averaged 2.07 Mcal/day higher (P ¼ 0.04; Fig. 3C ) for ovulatory cows compared with nonovulatory cows throughout the study period. The average body weight (P ¼ 0.20) and body condition score (P ¼ 0.78) were similar between ovulatory and nonovulatory cows after adjusting for parity. The CNCPS model was used for comparison of the metabolic status between cows with ovulatory or nonovulatory first dominant follicles, and the results are summarized in Table  1 . Associated with higher DMI, cows with ovulatory postpartum follicles had higher ME and MP balances prepartum and less negative balances postpartum compared to cows with nonovulatory follicles. During early postpartum negative energy balance, lower dietary intakes provided 75% or less of the ME and MP requirements in nonovulatory cows.
There was a tendency (P ¼ 0.07) for higher plasma NEFA postpartum in nonovulatory cows compared with ovulatory cows (Fig. 4A) , but the plasma BHBA was not different between groups (P ¼ 0.19). Plasma glucose (Fig. 4B ) was higher in nonovulatory cows compared with ovulatory cows from 21 days prepartum throughout the remainder of the periparturient study period (P ¼ 0.007) while the plasma insulin (P ¼ 0.20; Fig. 4C ) and IGF-1 (P ¼ 0.51) were not different between groups. Of the surrogate insulin-sensitivity measures, only the G/I ratio was significantly different between groups with nonovulatory cows having higher a G/I ratio (P ¼ 0.01) while insulin sensitivity (P ¼ 0.20), QUICKI (P ¼ 0.84), RQUICKI (P ¼ 0.17), and HOMA (P ¼ 0.97) were not different between groups.
GTT Analysis
Average day prepartum at the first GTT was 12.4 6 0.6 and not different between groups (P ¼ 0.68). The GTT results and analyses are summarized in Table 2 . The physiological state of glucose and insulin metabolism is dramatically different between prepartum and postpartum periods due to the onset of lactation, and as expected, we observed several significant differences between prepartum and postpartum GTT regardless of ovulatory group. Prepartum GTT had higher glucose AUC (P , 0.001), baseline glucose (P , 0.001), glucose T 50 (P , 0.01), insulin AUC (P , 0.0001), and insulin responsiveness (P , 0.0001) compared with postpartum GTT (Fig. 5 ).
There were no differences in prepartum GTT results between nonovulatory and ovulatory cows for glucose or insulin parameters. Postpartum glucose GTT results showed differences between ovulatory and nonovulatory cows (Table 2 and Fig. 5 ). Glucose AUC was larger (P ¼ 0.01) and the rise in glucose after infusion was higher (P ¼ 0.008) in the postpartum nonovulatory cows compared with ovulatory cows. Postpartum insulin AUC tended to be greater in ovulatory cows (P ¼ 0.076; Fig. 5 ). Insulin responsiveness was significantly lower (P ¼ 0.04) in postpartum GTT for nonovulatory cows compared with ovulatory cows. Taken together, the lower insulin response and higher glucose AUC in nonovulatory cows compared with ovulatory cows in the postpartum GTT reflected an impairment of glucose metabolism (i.e., increased insulin resistance) in nonovulatory cows postpartum.
LH Pulse Frequency
The results of LH pulse frequency test are summarized in Table 3 . The LH pulse frequency (measured over 6 h) was higher (P ¼ 0.002) in cows with ovulatory follicles compared to those with nonovulatory follicles. Although pulse amplitudes were similar between groups, cows with ovulatory follicles had higher average plasma LH concentrations. Based on circulating LH concentrations, three cows, all in the predicted ovulatory group, were apparently undergoing an LH surge during the There was a tendency (P ¼ 0.07) for higher circulating NEFA after calving in nonovulatory cows (A). Glucose concentrations were significantly higher (P ¼ 0.007) in nonovulatory cows by 21 days prepartum and remained higher until 18 days postpartum (B), but plasma insulin concentrations were similar between groups (C).
OVULATORY AND NONOVULATORY DAIRY COWS intensive sampling period, and these were excluded from LH pulse analyses.
Follicular Fluid Analysis
Follicular fluid estradiol concentrations were significantly different (P , 0.0001) between groups with ovulatory follicles having higher estradiol concentrations compared with nonovulatory follicles (Fig. 6A) . Androstenedione concentrations were also significantly different between groups (P ¼ 0.002) with ovulatory follicles having significantly higher androstenedione concentrations (Fig. 6B) . Progesterone concentration in the follicular fluid was not significantly different between groups (Fig. 6C) . Follicular fluid IGF-1 (nonovulatory 56.27 6 8.63 ng/ml vs. ovulatory 49.98 6 8.40 ng/ml; P ¼ 0.65) and NEFA (nonovulatory 269.31 6 25.12 Eq/L vs. ovulatory 285.57 6 23.83 Eq/L; P ¼ 0.40) also were not significantly different between groups. The ratio of follicular fluid estradiol to androstenedione concentrations was similar in ovulatory and nonovulatory follicles (0.33 6 0.044 vs. 0.24 6 0.04 ng/ml, respectively; P ¼ 0.22), suggesting similar capacity for conversion of androstenedione precursor to estradiol.
DISCUSSION
Cows failing to ovulate the first postpartum dominant follicle have more severe negative energy balance, greater insulin resistance, fewer LH pulses, and lower follicular fluid androstenedione and estradiol concentrations. This is the first description of the follicular fluid steroidogenic profile of early postpartum bovine follicles that fail to produce a circulating estradiol peak required to trigger ovulation. As expected, cows with high circulating estradiol, which were the ovulatory cows, had higher follicular fluid estradiol concentrations compared with nonovulatory cows. Follicular fluid estradiol concentrations for ovulatory cows were similar to reported values for preovulatory follicles [40, 41] . Follicular fluid androstenedione also was higher in ovulatory cows, suggesting that the steroidogenic defect resulting in lower estradiol synthesis in nonovulatory follicles occurs at the level of theca cells from inadequate androgen precursor available for conversion to estradiol. That the ratio of androstenedione to estradiol was similar in follicular fluid from both ovulatory and nonovulatory follicles also supports the idea that production of androgen precursor by theca cells is the rate-limiting factor. Theca cells require LH stimulation to produce androstenedione [12] . Cows in the nonovulatory group had lower LH pulse frequency compared with ovulatory cows, demonstrating some degree of hypothalamic-pituitary-gonadal axis impairment in these cows. Despite the reduced LH pulse frequency in nonovulatory cows, the follicles were able to achieve ovulatory sizes albeit with a tendency for a 1 day delay in follicular growth compared with ovulatory cows. Progesterone was not different in the follicular fluid of ovulatory and nonovulatory cows, indicating that nonovulatory follicles were not yet showing signs of atresia. Previous evidence supports the two-cell, two-gonadotropin model for estradiol production by bovine preovulatory follicles that was first proposed for rats [12, 42] . Briefly, under control by LH, theca cells make androstenedione but are unable to convert it to estradiol. Granulosa cells cannot synthesize androgen but readily convert the androstenedione product from theca cells to estradiol via the action of FSH-induced aromatase.
Although the above model explains the control of estradiol secretion during the normal bovine ovulatory cycle, the metabolic and hormonal environment during development of the first dominant follicle in the postpartum period is markedly different. For example, LH and FSH secretion becomes suppressed during late pregnancy by high levels of both progesterone and estradiol, but then increase following clearance of these steroids after parturition [4, 7] . With the onset of lactation, cows enter negative energy balance, and the severity of this energy deficit regulates the recovery of pulsatile LH secretion [17] . In turn, differential gonadotropin-releasing hormone (GnRH) pulse frequency (fast vs. slower; mirrored by LH pulse frequency [11] ) likely explains the distribution of FSH isoforms that are secreted and available to stimulate ovarian follicular development [11] . Cows that developed an ovulatory-dominant follicle had higher circulating estradiol and FIG. 5. Results of intravenous glucose tolerance tests (GTTs) performed 10 days before expected calving date and postpartum on the day after follicle fate prediction in cows with ovulatory or nonovulatory follicles. Prepartum glucose concentration curves (A), postpartum glucose concentration curves (B), prepartum insulin concentration curves (C), and postpartum insulin concentration curves (D) after intravenous injection of 0.25 g glucose per kg body weight. Prepartum GTT results were similar between groups. In the postpartum GTT, nonovulatory cows had higher glucose AUC (P , 0.001) and tended to have lower insulin AUC (P ¼ 0.08), indicating greater insulin resistance and lower insulin response. The shift in FSH isoforms and more robust ovarian response was associated with more favorable bioenergetics and metabolic status in the cows with ovulatory follicles.
As noted above, both FSH and LH are crucial for follicular development and estradiol secretion beyond the small to medium antral stage. Along with estradiol, inhibin-A increases in selected dominant follicles in an FSH-and IGF-I-dependent manner [43, 44] . Importantly, inhibin exerts a well-defined paracrine action on theca cells, not only antagonizing activinmediated inhibition of androgen production, but also directly enhancing LH-induced androstenedione production [45] . Inhibin and activin act as reciprocal regulators of theca cell androgen production affecting CYP17 and other steroidogenic enzyme activities [45, 46] .
Dairy cows undergo extensive metabolic adaptations and express insulin resistance during late pregnancy in support of fetal nutrient demands and continuing after the onset of lactation to support the energy demands of high milk production. In addition to insulin resistance, serum levels of insulin and glucose are low in the early postpartum period [7, 11] in association with negative energy balance. During this metabolic state, increasing the availability of insulin and glucose in vivo markedly increased estradiol production from the first postpartum dominant follicle in association with increased circulating concentrations of IGF-I and androgen [29] . The dependency of follicular responsiveness on insulin in the postpartum period was also demonstrated by administration of thiazolidinedione (insulin-sensitizing drug) before the onset of lactation that reduced the days to first ovulation [47] . Furthermore, responsiveness of inhibin-A secretion by bovine granulosa cells to FSH stimulation was dependent on insulin concentrations in the culture media [43] .
Late pregnancy induces an insulin-resistant state [48] in dairy cows. Prepartum GTT results were similar between groups for glucose and insulin responses; however, in agreement with a previous report, the prepartum GTT results were significantly different from the postpartum GTT responses [38] . During the postpartum GTT, nonovulatory cows had significantly higher glucose AUC, faster glucose rise, and lower insulin response compared with ovulatory cows. Also there was a tendency for postpartum GTT insulin AUC to be lower in nonovulatory cows. Taken together, nonovulatory cows had lower insulin response to the glucose infusion postpartum that resulted in impaired clearance of infused glucose compared with ovulatory cows. Measures of insulin resistance were evaluated, and the G/I ratio was significantly different between groups, indicating greater insulin resistance in nonovulatory cows. Other surrogate tests utilize a ratio of glucose, insulin, and NEFA to identify individuals with insulin resistance without requiring dynamic tests that are difficult to perform on large numbers of animals. However, our results using surrogate tests were not more predictive of differences between ovulatory groups than GTT or even baseline glucose concentrations. Plasma glucose was the only metabolite to be significantly different between groups; nonovulatory cows had higher glucose concentrations from 21 days prior to calving that persisted throughout the periparturient study period. This difference in circulating glucose was observed despite similar circulating insulin concentrations between groups, indicating higher glucose tolerance, that is, greater insulin resistance in nonovulatory cows. During the last 2-3 wk of gestation in dairy cows, the concentrations of insulin and IGF-I in circulation decline and remain low postpartum ( [7] and current results). Follicular steroidogenesis by granulosa and theca cells requires insulin to respond appropriately to gonadotropin stimulation [25, 49, 50] . Insulin levels are low during the early postpartum period, and supplementation with intravenous insulin did not increase LH pulse frequency [29] . Insulin and IGF-1 appear to affect follicle function by increasing the LH receptor numbers on the granulosa and theca cells, and thereby increasing the steroidogenic response to gonadotropin stimulation [50] [51] [52] [53] . For cows with ovulatory follicles, less insulin resistance may subserve a better intrafollicular metabolic environment for glucose utilization and, thereby, enhancing the sensitivity to plasma LH pulses for greater steroidogenesis. In the present study, LH pulse frequency was lower in nonovulatory cows, but insulin levels were not different between groups, suggesting that reduced gonadotropin stimulation accounts for the steroidogenic defect in nonovulatory follicles.
Plasma AMH on the day after group assignment was significantly higher for ovulatory cows compared with nonovulatory cows. Although AFC was not measured from the daily ultrasound examinations of the ovary, the plasma AMH CHEONG ET AL. levels suggest that ovulatory cows may have healthier follicles and higher follicular reserves [13] .
The predicted ME and MP balance of nonovulatory cows was lower compared with ovulatory cows. The ME and MP supply from feed intake was lower in nonovulatory cows, but the requirements for maintenance, growth, pregnancy, and lactation were not different between groups, indicating that the difference in intake is the primary driver for the lower energy status in nonovulatory cows. All cows were fed individually for ad libitum intake and there was with no competition for food, yet nonovulatory cows had lower feed intake and greater negative energy balance compared with ovulatory cows. Negative energy balance decreases LH pulse frequency [7, 17] , which may be due to the increased sensitivity of the hypothalamus to the negative feedback effects of estradiol on GnRH release. There was a significant (P ¼ 0.02) association between postpartum energy balance and LH pulse frequency in the present study. LH pulse frequency increases after the nadir of energy balance that usually occurs on average by 12 days postpartum [17] . Despite the difference in ME and MP balance, circulating BHBA and NEFA that are predictors of negative energy balance were not significantly different between groups although there was a tendency for higher NEFA in nonovulatory cows. While higher levels of NEFA have been shown to impair oocyte maturation [54] and viability of granulosa and theca cells [23, 55] , the NEFA concentrations in follicular fluid were not different between groups in the current study. Figure 7 depicts the known and postulated relationships among energy balance, metabolic status, gonadotropin effects, FIG. 7 . Schematic depiction of relationships among negative energy balance, metabolic state, GnRH pulse frequency, gonadotropin pulse frequency and isoforms, follicular androstenedione and estradiol production, and ovulation of the first postpartum dominant follicle. Severe negative energy balance is associated with lower GnRH pulse frequency (a), which in turn alters pulse frequency of gonadotropins and is responsible for a greater proportion of acidic FSH isoforms (b). The insulin resistance, lower gonadotropin pulse frequency, and acidic gonadotropin isoforms combine to reduce androstenedione production, estradiol production, and follicular steroidogenic enzyme activity (c) ultimately leading to failure of ovulation.
OVULATORY AND NONOVULATORY DAIRY COWS and propensity to ovulate the first postpartum dominant follicle.
In summary, follicles with or without ovulatory potential can be identified prior to ovulation or follicle wave turnover using follicle growth patterns and circulating estradiol concentrations. Theca cell function in nonovulatory cows appears to be compromised as reflected by reduced androstenedione production, due in part to decreased LH pulse frequency. Postpartum GTT showed impaired glucose clearance, greater insulin resistance, and a tendency for decreased insulin response in the cows with deficient steroidogenic capacity. Circulating insulin levels were not different between groups, but plasma glucose concentrations were consistently higher throughout the study in cows with nonovulatory follicles. Negative energy balance was more severe in nonovulatory cows due to lower feed intake. Cows that fail to ovulate the first postpartum dominant follicle are characterized by lower periparturient energy balance, increased insulin resistance, lower LH pulsatility, and lower intrafollicular concentrations of androstenedione and estradiol.
